ABSTRACT: This article presents the main results of thermal analytical and drying tests applied to the endocarp of coffee bean samples, in order to analyze their influence on the coffee dehydration process. An infrared analysis, as well as TGA, DTGA and DSC tests, were applied to the parchment of a sample of Castilla variety coffee beans and later compared with similar tests performed on coffee beans of the same variety, upon parchment removal. For analytical tests, the main thermogravimetric transitions are reported up to a temperature of 1000 °C. From thermograms, four temperature range were identified for parchment, with their respective mass loss: 33-33.7°C, 9.48%; 33.7-251.2°C, 16.23%; 251.2-358°C, 47.48%; and 358-800°C, 15.52%. The greatest mass loss was due to cellulose and hemicellulose degradation. The study was complemented by drying experiments on samples of beans with and without parchment. The diffusion coefficients were found using Fick's second law and metaheuristic optimization methods (global optimization). On average, the diffusion coefficient of grains without endocarp is 46% greater than that of beans dried with the parchment. Coffee beans with parchment took, on average, 50% more time to reaching moisture levels of 12% (on dry basis). The results are considered important for the projection and design of new coffee drying systems and their automatic control.
INTRODUCTION
The drying of the coffee bean is a fundamental stage of its postharvest handling. A good drying guarantees not only adequate conservation of the grain during the period of storage, prior to roasting, but also a good cup quality ((FAO, 2011; HENAO, 2015; PUERTA, 2001 PUERTA, , 2006 RIBEIRO et al., 2018) . In general, the drying of the coffee beans takes place after they are pulped, fermented and washed, in a process known as wet processing (MONTILLA et al., 2008) . In depulping, the epicarp or skin and the mesocarp or pulp is removed (see Figure 1) , and during the wash, the mucilage is removed, too. In this way, the drying of grain involves the removal of the underlying moisture to the grain, and the removal of the endocarp or parchment that still covers it, as well.
Removing the grain parchment before drying is not easy, given its high moisture content, between 55% and 60% w.b. (BOOT, 2013; GHOSH, 2014) . Besides, producers consider the parchment as protection for dry grains, which must be transported from the production centers to the collection centers, although, it must finally be removed before the product is exported. The components of the dried parchment residue, are mainly cellulose (40-49%), hemicellulose (25-32%) and lignin (33-35%) (BEKALO; REINHARDT, 2010; ESQUIVEL; JIMÉNEZ, 2012) . The parchment is valued for its potential as combustible material, with a 17.9MJ / kg report on its calorific value (RODRÍGUEZ; ZAMBRANO, 2010) .
Knowing the thermal properties of beans and of parchment, as well as the kinetics of their drying characteristics are paramount for improving the coffee drying process. A thermal analysis of parchment is done in (MANALS; PENEDO; GIRALT, 2011) . In this work, we found that after a thermogravimetric experiment with parchment at 40K/min, 44% of the mass was lost. This phenomenon took place between 200 and 400°C, and can be associated with the degradation of cellulose and hemicellulose. Moreover, 34.86% of the mass was lost between 580 and 650°C, which can be associated with lignin degradation. Other researchers have done a similar study, but they focused on a mixture of parchment and pulp (DOS REIS et al, 2011) . The authors reported that 8.55% of mass was lost between 25 and 150°C. Also, another 51.20% was lost between 150 and 400°C, with an additional loss of 34.95% between 401 and 580°C, and of 2.08% between 581 and 901°C. Finally, 3.23% of mass was lost at temperatures above 900°C. The sample the authors analyzed had a mass of 25mg and was treated at 10°C/min.
Regarding the coffee drying process, some authors have studied different approaches for measuring moisture in coffee beans (GAUTZ; SMITH; BITTENBENDER, 2008) . A review of techniques for process and drying coffee can be found in (GHOSH; VENKATACHALAPATHY, 2014) . There is also research targeting Colombia. In (OLMOS, DUQUE; RODRIGUEZ, 2017) , the authors compiled the state of the art regarding drying technologies in the country. Some of the models required for simulating the drying dynamics in coffee grains can also be found in literature, e.g. (OLIVEROS ET AL, 2010) , (ZULUAGA; GOMEZ, 2015) , and (PATIÑO; PENCUE; VARGAS, 2016), among others.
The objective of the study reported in this article is to analyze the way in which the endocarp influences the drying process of the grain, through the revision of some of its thermal characteristics. For this, the parchment from a sample of Castilla variety coffee beans collected in the southeastern region of the department of Santander, in Colombia, was subjected to a series of thermoanalytical tests, while experimental curves of drying grain, with and without it, were determined. The thermal analysis was compared with results of similar tests made to the single grain, and the differences between the grain drying kinetics, with and without parchment, were contrasted based on the determination of diffusion coefficients. This exploration is important as a preliminary phase on the study of new drying techniques, which might consider the extraction of moisture in endocarp free seeds. The methodology addressed, as well as the main results obtained, are detailed below.
MATERIAL AND METHODS

Thermal Analysis
For the thermal analysis, a sample of parchment from Castilla Variety coffee beans was subjected to Thermo Gravimetric Analysis (TGA), Differential Thermo Gravimetric Analysis (DTGA) and Differential Scanning Calorimetry (DSC) tests, at a heating rate of 5 °C/min. The analysis was carried out in an inert nitrogen atmosphere, in a NETZSCH device (STA 449 F5 JUPITER). The system was also coupled with an infrared (IR) equipment, brand BRUKER. In the process, the ASTM E1131-08 and ASTM E1269-11 standards were followed. The results were compared with the thermal analysis made by the authors to the grains without endocarp as shown in (MUÑOZ; ROA; CORREA, 2018).
Diffusion Coefficients
Diffusion coefficients were estimated for beans with parchment, without parchment, and for a parchment-only sample, after obtaining the corresponding drying curves. A total of 10 experiments were carried out, 4 for beans with parchment, 4 for parchment free samples and 2 for parchment-only samples. The mass of the samples was 63.5g. The samples were hydrated with distilled water for a period of 48 hours. Subsequently, the already fermented samples were also washed with distilled water and left to rest for 25 minutes. In this way, the fermentation and washing process carried out by the producers was emulated, prior to drying.
To obtain the drying curves, the samples were dried in a convection electric oven at a controlled temperature of 50±2 °C, arranged in a single layer on an aluminum plate. The moisture loss was calculated based on (1) and (2), with the residual moisture of the grain at time t, the initial mass of the grain, the mass of the grain at time t, the initial humidity of the grain, and the dry mass of the sample, which was calculated by drying the samples at a temperature of 104 °C, for one hour. The dry mass for the samples of beans with parchment was calculated at 30.13g; for the parchment free samples in 31.28g; and for the parchment-only samples in 21.01g. The humidity on dry basis M was determined with (3). The first three measurements of mass were taken every 20 minutes, the next two every 30 minutes, and the remaining ones every hour, until obtaining a humidity in the dry basis of less than 12%.
Following the second law of Fick, and the fluid continuity equation (CRANK, 1975) , the loss of humidity in the grain with respect to time (M, in dry basis), is determined using (4).
In equation (4), D is the effective diffusion coefficient. Assuming a spherical geometry for the samples, the solution of (4) leads to (5) (BORÉM; LEMOS; DIAS, 2018).
In (5), MR is the dimensionless moisture relation, is the initial moisture in dry basis, the equilibrium moisture, also in dry basis, and r the approximate radius of the grains. The time, t, was measured in minutes, and the radius, r, in millimeters, so D contains mm 2 /min units. It is important to keep in mind that D is assumed independent of temperature, time and concentration.
A more general solution (RODRIGUES DE OLIVEIRA ET AL., 2016; VARADHARAJU; KARUNANIDHI; KAILAPPAN, 2001 ) is detailed in (6), from which the effective coefficient of diffusion D is cleared by dividing the first factor, k i , between π 2 and multiplying it by r 2 (the approximate radius of the grain squared),
Metaheuristic algorithms
Metaheuristic algorithms are stochastic optimization procedures that implement a local search. Their nature incorporates a tradeoff between the ability to explore the search domain and of exploiting a feasible solution (YANG, 2014) . In this work, we used the following metaheuristics: Genetic Algorithms, GA, Drone Squadron Optimization, DSO, and Particle Swarm Optimization, PSO. Trust Region with Dogleg, TRD, a nonlinear optimization algortihm was used too.
Trust Regions algorithms operate by defining a trust region at each iteration, as the name hints. A quadratic convex function is minimized in such a region, starting from a given initial point (CONN; GOULD; TOINT, 2000; CRINA; ABRAHAM, 2012; WU, CHEN, & JIAO, 2010) . Genetic Algorithms (GA), on the other hand, operate by mimicking natural selection and genetic rules. This kind of approach starts with a random initial population. The best individuals are determined
based on the objective function and selected for cross-over. This way a new population is generated, which is mutated afterward (DÜNDAR & ŞAHIN, 2013) . A third kind of approach is Particle Swarm Optimization (PSO), which was proposed by Eberhart and Kennedy based on the collective behavior of birds and fish (YANG, 2014) . This algorithm also starts with a random population, known as particles. The position of each particle represents the values of problem variables. But each particle also has a velocity, which relates to the change of each solution at the next iteration. Such velocity depends on the previous one and on the position of the particle, as well as on the best results found by the particle and by the whole swarm. There are also a couple of coefficients, known as the individual and social coefficients (MIRJALILI et al, 2020) . Finally, the Drone Squadron Optimization algorithm was inspired by an artificial system, i.e. a drone squadron, which is organized in teams. The algorithm is composed of two fundamental blocks: the groups of semiautonomous drones that search for the minimum, and a central command that governs the logical operation of the drones (de MELO; BANZHAF, 2018) .
In this work, all the algorithms were tuned with the standard test functions shown in Table 1 . The resulting parameters for each algorithm are summarized in Table 2 .
Out of all preliminary tests, GA was the approach that yielded the best execution time. Hence, this approach was selected for performing calculations in all the samples. Equation (7) was used as the objective function, since it guarantees minimum variance estimates (BECK, 1977; BARD, 1974) . Equation (7) follows the form of equation (6), where M is the vector of N real data points from the drying process. The data estimated by the model were compared with the real data through the measurement of the root mean square error, equation (8), and the determination coefficient, equation (9).
(8)
RESULTS AND DISCUSSION
Figures 2 and 3 show the thermograms for the parchment and for the coffee bean, respectively. For the parchment, four areas of interest are differentiated, while for the grain, three zones are clearly differentiable. Table 3 summarizes the temperature ranges that identify these zones and the mass losses that occur in them.
The thermograms done on the parchment show interesting data (Table 3 ). There is a significant mass loss between 250 ° C and 358 ° C. Degradation of the cellulose compounds occur between these temperatures. Cellulose represents a high percentage of the parchment composition, which does not have alkaloids or some type of molecule with low molecular weight. There is also mass loss above this temperature range, but it belongs to lignin degradation, which represents a low percentage of parchment composition (compared to other polysaccharides). The mass loss below 250°C can be attributed to both, surface and structural water.
For coffee beans, the greatest mass loss is observed between 58 ° C and 324 ° C. This is due to water loss, cellulose compounds loss, and, principally, to the loss of a large number of low molecular weight constituents. These are organic components, some like the caffeine, present in the grain. Subsequent mass loss corresponds to lignin and to similar compounds.
In both cases, it is possible to observe a residual mass, which corresponds to carbonized residues, and to some inorganic compounds present in the compositions of both samples.
The differential thermogram (DTGA) of the parchment is presented in Figure 4 . A single transition can be noticed at 346 °C, which corresponds to the loss of cellulose and hemicellulose, its major constituent parts. In the differential thermogram of the grain (see Figure 5 ), the dynamic range is greater, and the loss of these same components is observed as a transition between 331.4 °C and 358.7 °C. In fact, polysaccharides begin decomposing between 250-300 °C, and it can go as high as about 700 °C.
But, hemicellulose decomposition also begins at 250 °C. Moreover, cellulose and lignin begin decomposing at 350 °C, although lignin ends up decomposing at temperatures above 500 °C, (MANALS; PENEDO; GIRALT, 2011).
Additionally, it is important to note that the range between 219 °C and 254 °C stands out in the coffee bean data. This is the range where caffeine sublimation occurs. Hence, this information is relevant for the roasting process, as mentioned by the authors in a previous work (MUÑOZ; ROA; CORREA, 2018).
Figures 6 and 7 correspond to the DSC of the parchment and grain. The most outstanding transitions are summarized in Table 4. DSC data, combined with data from Table  4 supports the idea of an endothermic transition for the parchment, occurring around 57 °C and corresponding to water loss. Such a transition is also observed for the coffee bean. But it occurs in the range between 32 °C and 192 °C. The difference is probably because beans contain more structural water than parchment. The latter is mainly composed of natural polysaccharide, with transitions of hemicellulose occurring from around 300 °C and up to about 480 °C (to cellulose), and above 570 °C (to lignin). Coffee beans contain more molecules with low molecular weight.
Hence, a transition close to 200 °C is observed, corresponding to this type of molecules. There is a subsequent transition corresponding to polysaccharides, mainly cellulose and hemicellulose.
Complementary to the previous analysis, an infrared spectrum was obtained from the IR coupling made in thermogravimetric tests. The acquired spectrum was compared with the Bruker database. Figure 8 shows the spectrum of the parchment at 115 °C, and Figure 9 the grain spectrum at 124 °C. A peak can be observed in both spectra, near 2300cm-1, which corresponds to the carbon dioxide present in the analyzed gas mixtures. This compound is present in the atmosphere of the heating cell. Both spectra correspond to the analysis by FTIR of the gas mixture collected from the thermogravimetric processes, at 115 °C and 124 °C. In both cases, the most representative signals belong to water. This molecule can be found either in the parchment or in the coffee bean, in the form of surface or structural water. The former evaporates near 90-100 °C. Above this temperature, the latter will begin to evaporate. It is possible that at both temperatures, compounds resulting from the evaporation and degradation of molecules with lower molecular weight and low concentration can be obtained. But, the nature and concentration of water in the samples overlap such signals, and only water can be observed.
The drying curves, from which the diffusion coefficients were calculated, are shown in Figures  10 and 11 . The first one presents the four tests for beans with and without parchment (red and blue points, respectively). The figure also contains black lines. These represent the adjustment using the parameters derived from the optimization procedure (with GA). Figure 11 compares dimensionless moisture in dried base for the four tests of beans with and without parchment, and for the two tests of the only parchment. Drying data for coffee beans with parchment are like those simulated by (ZULUAGA; GOMEZ, 2015) . The one for coffee beans without parchment are similar to the ones presented by (PATIÑO; PENCUE; VARGAS, 2016). In Figure 12 , a box and whisker diagram of the average dimensionless moisture value (MR) is presented, for each type of drying experiment carried out. Table 5 summarizes the results of the tests with the optimization algorithms used to find the parameters of (6), and Table 6 contains the calculation of the diffusion coefficients D and the parameters of (6), for all experiments performed using the GA algorithm. Drying tests revealed that beans with parchment took around 17 hours to reach moisture levels below 12% (in dry basis). However, drying of parchment-free beans reduces the required time to about 13 hours, i.e. about 25% less time. The boxplot shown in Figure 12 reveals that the drying median for beans with parchment (0.40786) is almost 50% greater than that of beans without it (0.27431). Also, this value is 12% greater than the drying median for parchmentonly (0.24506). In all cases, the median drying time is about 6 hours. Also, the width of the second quartile (between 50 th and 75 th percentile) doubles that of the third one (between 50 th and 25 th percentile). Therefore, the greatest water loss occurs during the first part of the drying process.
On the other hand, the diffusion coefficient of grain drying for parchment free beans is on average 46% higher than that of the dried grain with its endocarp, and the coefficient of the parchment-only samples is 10% higher than that of the parchment free beans. Data fitted through the parameters achieved with GA is better for the drying of beans with parchment that without it. This may be due to the fact that, as is referred in This becomes more evident for beans without parchment. For this reason, the diffusion coefficient is not independent of structure for the whole moisture range. Likewise, although PSO, DSO, and GA optimization methods rendered very similar results in terms of RMSE and of determination coefficient, GA required the lowest computation time, as was explained previously.
CONCLUSIONS
Drying of coffee beans was carried out regularly at temperatures between 50 °C and 60 °C. Thermograms and infrared analysis showed that, for these temperatures, processes are completely endothermic. Also, mass lost mainly belongs to water. Thus, parchment and beans compete to consume the energy required for dehydration. The experiments carried out show that the diffusion of water in the dehydration of coffee beans is notoriously diminished by the presence of its endocarp, while drying without it does not alter its composition, and reduces time and energy. Indeed, our tests revealed that the diffusion coefficient of beans is 46% greater without endocarp than with it. Similarly, coffee beans with parchment took, on average, 50% more time for reaching a moisture level below 12% (in dry base). Out of the four optimization algorithms used for determining the diffusion coefficient, PSO, DSO and GA offered quite acceptable results in terms of RMS and diffusion coeficient, without solving the non-linear equation that defines it. Nevertheless, GA found the optimum parameters in a lower time. Data was better fitted for beans with parchment that for those without it. This indicates that, especially for beans without parchment, diffusion coefficient depends on grain structure throughout the whole moisture loss range. The results are considered important for the projection and design of new coffee drying systems and their automatic control. Additional studies are required to determine what type of system can make it feasible for pre-drying to facilitate the early removal of the endocarp, to achieve more efficient drying.
